Recent observations suggest ongoing planet formation in the innermost parsec of the Galactic center (GC). The super-massive black hole (SMBH) might strip planets or planetary embryos from their parent star, bringing them close enough to be tidally disrupted. Photoevaporation by the ultraviolet field of young stars, combined with ongoing tidal disruption, could enhance the near-infrared luminosity of such starless planets, making their detection possible even with current facilities. In this paper, we investigate the chance of planet tidal captures by means of high-accuracy N-body simulations exploiting Mikkola's algorithmic regularization. We consider both planets lying in the clockwise (CW) disk and planets initially bound to the S-stars. We show that tidally captured planets remain on orbits close to those of their parent star. Moreover, the semi-major axis of the planet orbit can be predicted by simple analytic assumptions in the case of prograde orbits. We find that starless planets that were initially bound to CW disk stars have mild eccentricities and tend to remain in the CW disk. However, we speculate that angular momentum diffusion and scattering with other young stars in the CW disk might bring starless planets on low-angular momentum orbits. In contrast, planets initially bound to S-stars are captured by the SMBH on highly eccentric orbits, matching the orbital properties of the G1 and G2 clouds. Our predictions apply not only to planets but also to low-mass stars initially bound to the S-stars and tidally captured by the SMBH. Subject headings: black hole physics -methods: numerical -planets and satellites: dynamical evolution and stability -planet-star interactions -Galaxy: center
INTRODUCTION
Several hundred young stars lie in the innermost parsec of our Galactic center (GC). The orbits of the so-called S-stars, ∼ 28 young (≈ 20 − 100 Myr) stars lying close (< 0.04 pc) to the super-massive black hole (SMBH), provide the strongest constraints on the SMBH mass (Schodel et al. 2003; Ghez et al. 2003; Gillessen et al. 2009 ). The S-stars have been classified as B-type stars and have randomly oriented highly eccentric orbits. Hundreds of young (∼ 2 − 6 Myr) stars (mainly Wolf-Rayet and O-type stars, Paumard et al. 2006; Lu et al. 2009 Lu et al. , 2013 lie further out (> 0.04 pc), 20% of which form a nearly-Keplerian disk around the SMBH, named clockwise (CW) disk for its motion when projected on the plane of the sky (Bartko et al. 2009; Yelda et al. 2014) . The formation mechanisms and dynamical evolution of such stars are still debated, since the tidal field of the SMBH is expected to disrupt molecular clouds in the innermost parsec (e.g. Bonnell & Rice 2008; Hobbs & Nayakshin 2009; Alig et al. 2011 Alig et al. , 2013 Mapelli et al. 2008 Mapelli et al. , 2012 Lucas et al. 2013; Trani et al. 2016 , see Mapelli & Gualandris 2016 for a review).
Young stars in the local Universe are often surrounded by a protoplanetary disk (e.g. Williams & Cieza 2011 for a review). Thus, it is likely that protoplanetary disks exist even in the GC, despite the environment is quite hostile to star and planet formation. Indeed, recent radio continuum observations suggested the presence of photoevaporating protoplanetary disks in the innermost ∼ 0. pc (Yusef-Zadeh et al. 2015) . Whether planets can form in such protoplanetary disks is still highly uncertain. Mapelli & Ripamonti (2015) recently showed that starless planets are too faint to be observed in the GC with current facilities, even if they are photoevaporated by the intense ultraviolet (UV) emission of the young massive stars. However, if a planet or protoplanetary embryo is undergoing tidal disruption by the SMBH field, the efficiency of photoevaporation can be enhanced by orders of magnitude: a Br-γ luminosity of ≈ 10 31 erg s −1
can be emitted in this case, observable with 10m-class telescopes (Mapelli & Ripamonti 2015) . Moreover, highenergy flares with a luminosity of ≤ 2 × 10 41 erg s −1
can be associated to tidal disruption events of planets by SMBHs (Zubovas et al. 2012) . The tidal disruption of smaller bodies, such as asteroids or planetesimals, is expected to be very frequent (although less energetic than that of planets), and has been invoked to explain the daily infrared flares of SgrA * (Čadež et al. 2008; Kostić et al. 2009; Zubovas et al. 2012; Hamers & Portegies Zwart 2015) .
Finally, a protoplanetary origin has been suggested even for the dusty object G2, which has been observed orbiting the SMBH on an highly eccentric orbit (e ∼ 0.98) with extremely small pericenter (a ∼ 200 AU, Gillessen et al. 2011; Pfuhl et al. 2015; Witzel et al. 2014; Gillessen et al. 2013a; Gillessen et al. 2013b; Eckart et al. 2013; Phifer et al. 2013) . In fact, Murray-Clay & Loeb (2012) proposed that G2 is a low-mass star with a protoplanetary disk, while Mapelli & Ripamonti (2015) suggested that the properties of G2 are consistent with a planetary embryo tidally captured by the SMBH. The origin of G2 is still debated, and many other theories have been proposed to explain it: a gas cloud formed arXiv:1608.07230v1 [astro-ph.GA] 25 Aug 2016 by colliding stellar winds Schartmann et al. 2012; Gillessen et al. 2013a; Colle et al. 2014; Shcherbakov 2014) or tidally stripped material (Guillochon et al. 2014) , the merger product of a binary (Prodan et al. 2015) , a low-mass star obscured by dust (Ballone et al. 2013; Scoville & Burkert 2013; Witzel et al. 2014 ), a star disrupted by a stellar black hole (Miralda-Escudé 2012) , and a nova outburst (Meyer & Meyer-Hofmeister 2012) . Moreover, another similar object, named G1 (Ghez et al. 2005; Clénet et al. 2005) , has been suggested by Pfuhl et al. (2015) to share the same origin as G2. The orbit of G1 has lower eccentricity (e ∼ 0.93) and smaller semi-major axis (a ∼ 2970 AU), but is very similar to that of G2.
In conclusion, whether planets and protoplanets exist in the GC is still an open question, and their detection with current facilities is challenging. Our aim is to study the dynamics of planets and protoplanets near the SMBH in the GC, in order to put constraints for future observations. In particular, we study the tidal capture of hypothetical planets and protoplanets orbiting stars in the CW disk and in the S-star cluster. We simulate hierarchical three-body systems composed of a SMBH, a star, and a planet. In our three-body runs, the orbit of the star around the SMBH is randomly sampled according to the properties of the CW disk. We also simulate the entire S-star cluster, adding a planet to each simulated S-star. In Section 2 we describe the methodology we employed for our simulations; in Section 3 we present our results. In Section 4, we discuss the implications of our work. Our conclusions are presented in Section 5.
METHODS

Mikkola's Algorithmic Regularization code
Modelling the evolution of planets close to the SMBH is challenging, because of the extreme mass ratios involved. Thus, our simulations are run by means of a fully regularized N-body code that implements the Mikkola's algorithmic regularization (MAR, Mikkola & Tanikawa 1999a,b) . This code is particularly suitable for studying the dynamical evolution of few-body systems in which strong gravitational encounters are very frequent and the mass ratio between the interacting objects is large. The MAR scheme removes the singularity of the two-body gravitational potential for r → 0, by means of a transformation of the time coordinate (see Mikkola & Tanikawa 1999a for the details).
Our implementation uses a leapfrog scheme in combination with the Bulirsh-Stoer extrapolation algorithm (Stoer & Bulirsch 2002) to increase the accuracy of the numerical results. The code integrates the equations of motion employing relative coordinates by means of the so called chain structure. This change of coordinates reduces round-off errors significantly (Aarseth 2003) . At present, this code is a sub-module of the direct N-body code HiGPUs-R which is still under development (Spera, in preparation; see Capuzzo-Dolcetta et al. 2013 for the current non-regularized version of HiGPUs). Still, it can be used as a stand-alone tool to study the dynamical evolution of few-body systems with very high precision.
Tidal dissipation is not taken into account in the current version of the code. In fact, we expect the effect of tidal dissipation to be negligible in our simulations, Note. -Column 1: set name; column 2: planet orbit spin with respect to stellar orbit; column 3: number of realizations; column 4: number of realizations in which the planet becomes unbound with respect to the parent star.
since the timescale of orbital decay is ≈ 1 Gyr, much longer than the length of our simulations (10 3 − 10 4 yr).
2.2. CW disk simulations Simulating the entire CW disk (> 1000 stars) in the same run is prohibitive for MAR codes. Thus, we run simulations of a three-body hierarchical system composed of a SMBH, a star and a planet initially bound to the star. We set the SMBH, star and planet masses to 4.31×10 6 M (Gillessen et al. 2009 ), 5 M , and 10 M Jup , respectively, where M Jup is the mass of Jupiter. The stellar orbit around the SMBH is modeled following the properties of the stars in the CW disk. The semi-major axis is drawn from a power-law distribution with index Γ = 1.93 , in the range 0.03 − 0.06 pc, corresponding to the inner edge of the CW disk (planets orbiting CW stars on outer orbits are less likely affected by the SMBH tidal field). The star eccentricity is drawn from a Gaussian distribution centered at 0.3 with σ = 0.1.
A planet will likely remain bound to the star if its distance from the star is less than Jacobi radius r J of the star-planet system:
where M SMBH is the SMBH mass, m is the total mass of the star-planet system and d is the distance between the star and the SMBH. With these initial conditions we expect the Jacobi radius to be in the range of 20 − 90 AU . We assume that the planet orbit around the star is circular with radius in the uniform range 10 − 100 AU. Planets with a semimajor axis smaller than 10 AU will unlikely be captured by the SMBH, while planets with semi-major axis larger than 100 AU will be already unbound from the star. We set the planet orbit eccentricity to zero in order to avoid the parameter space to explode. On the other hand, we expect that planets on eccentric orbits escape even faster.
We consider different inclinations with respect to the star orbit: coplanar prograde orbits (i = 0
• , set A), coplanar retrograde orbits (i = 180
• , set B), inclined prograde orbits (uniformly distributed over 270
• < i < 90
• , set C), and inclined retrograde orbits (uniformly distributed over 90
The mean anomalies of star and planet are uniformly distributed between 0 and 2π. We run 10 4 realizations for each set and stop the simulations at 10 4 yr. Table 1 shows a summary of the simulation sets presented in this paper. 
S-star simulations
Unlike the CW disk, the S-star cluster is sufficiently small to be simulated in the same run with the MAR algorithm. We run simulations of the 27 innermost S-stars for which the orbital elements are known, using as initial condition the orbital parameters reported by Gillessen et al. (2009) . We assign to each star a planet of 10 M Jup in circular orbit.
The planet semi-major axis ranges between 1 and 20 AU, distributed in 20 equally spaced bins. For each semi-major axis we run 1000 realizations randomizing the planet orbit orientation over the sphere, for a total of 20000 realizations. We stop the simulations at 1000 yr.
RESULTS
Planets in the CW disk
In 88 − 89% of the prograde runs (set A and C) the planet escapes from the star and starts orbiting the SMBH. The escape fraction in retrograde runs (set B and C) is lower: 65% and 78% of planets are tidally captured by the SMBH in set B and set D, respectively (see Table 1 ). Figure 1 shows the initial semi-major axis of the planet a i p versus the pericenter distance p of the stellar orbit for set A (coplanar prograde, left-hand panel) and set B (coplanar retrograde, right-hand panel). The colors indicate whether the planet remains bound to its parent star throughout the simulations.
The unbound and bound regions in the a i p − p plane are clearly distinct. The boundary between the two regions scales linearly with p, as expected from the Jacobi radius r J linear dependence on the star-SMBH distance (equation 1).
In the case of set A (Figure 1 , left-hand panel) the boundary is 0.5 r J . In the case of set B (Figure 1 , lefthand panel) the boundary is ∼ 1 r J . The boundary is ∼ 0.5 r J and ∼ 0.9 r J for set C and D, respectively. Thus, the boundary radius is smaller for prograde orbits than for retrograde orbits. This difference is connected with the direction of the Coriolis force. Moreover, the boundary is less sharp in the case of retrograde orbits. This likely occurs because retrograde planets spend several periods at radius ∼ r J without escaping, thanks to the stabilizing effect of the Coriolis force. In contrast, prograde planets escape immediately outside 0.5r J . As a consequence, planets in retrograde orbits are more affected by perturbations from the tidal field, which is stronger at larger distances from the star , 1992 . Figure 2 shows the trajectory of a planet in a single simulation of set A (coplanar and prograde, left-hand panel) and set B (coplanar and retrograde, right-hand panel). The reference frame corotates with the star in its motion around the SMBH, so that the SMBH is always directed towards the negative x−axis. In the left-hand panel, the planet orbit is initially within half of the Jacobi radius and the planet completes an orbit around the star before being captured by the SMBH. However, as the star moves towards its pericenter, the Jacobi radius of the system shrinks and the planet is captured by the tidal forces of the SMBH.
In the case of retrograde orbits (Figure 2 , right-hand panel), the planet trajectory can be much more convoluted. In this case, the planet orbit becomes unstable after the third pericenter passage of the parent star around the SMBH; the orbit of the planet becomes prograde before escaping from the Hill sphere of the star. Moreover, the Hill sphere at the initial time is smaller than that at the moment of planet escape, indicating that planet escape does not occur at pericenter passage. For more details about the temporary orbit of simulated planets see Appendix A. Figure 3 shows the orbital properties of the planets after they are captured by the SMBH. In 95% of the runs of set A (Figure 3 , top-left panel) the semi-major axis of the planet a p (with respect to the SMBH) differs less than 7% from the semi-major axis of its parent star a s .
The small difference between a p and a s is motivated by the change of the orbital energy of the planet being of the same order of magnitude as the binding energy of the star-planet system (E sp ). For our assumptions, E sp ≈ 10 43 erg s −1 . This is much smaller than the binding energy between the star and the SMBH (≈ 10 49 erg s −1 ), indicating that the recoil velocity acquired by the planet during the capture event is much smaller than its initial velocity with respect to the SMBH.
The gap in the semi-major axis distribution in the topleft panel of Figure 3 indicates that the semi-major axis of the escaped planet is never equal to the semi-major axis of the parent star. The gap becomes wider as the planet orbit eccentricity deviates from that of its parent star.
The eccentricity distribution depends on whether the planet has a smaller or larger semi-major axis than its parent star. In the case of smaller semi-major axis, the eccentricity distribution is centered at lower eccentricity relative to the parent star, while in the case of larger semi-major axis the eccentricity distribution is centered at higher eccentricity relative to the parent star. In 95% of the runs of set A the eccentricity of the planet orbit e p differs less than 15% from the eccentricity of its parent star e s .
In runs of set B (retrograde coplanar runs, see Figure  3 , top-right panel), the distribution of semi-major axis of planets normalized to that of stars with respect to the SMBH (a p /a s ) has no gaps. The spread in semimajor axis is lower than in set A, while the spread of eccentricities is higher. As in set A, tighter planet orbits tend to have higher eccentricity and vice versa.
The bottom panels of Figure 3 show the orbital properties of the planets for the runs of set C (inclined and prograde, bottom-left panel) and set D (inclined and retrograde, bottom-right panel). Inclined orbits follow the same trend as coplanar ones: runs of set C exhibit a gap in the a p /a s distribution, while runs of set D show no gap.
About 51% runs of set A and C (prograde runs) have a p < a s . In contrast, just 45% and 43% runs of set B and D (retrograde runs) have a p < a s , respectively. In the retrograde runs, the planets tend to end on orbits less bound than those of their parent star. Figure 4 shows the ratio a p /a s between the planet semi-major axis and that of its parent star versus the orbital phase of the planet at the first pericenter passage of the star. We predict the orbital phase analytically using the initial conditions of each realization. From the left-hand panel of Figure 4 it is apparent that the planet will likely have a semi-major axis smaller than that of its parent star (a p /a s < 1) in runs of set A if it is in between the SMBH and the star during the stellar pericenter passage (ϕ p 180
• ). In contrast, the planet will likely have a semi-major axis larger than that of its parent star (a p /a s > 1) if the planet is on the opposite side of the orbit with respect to the SMBH (ϕ p 0
• ). -Semi-major axis of the planet orbit (around the SMBH) normalized to the semi-major axis of the star orbit ap/as versus eccentricity of the planet orbit (around the SMBH) normalized to the eccentricity of the parent star orbit ep/es. In the top panels: blue dots indicate realizations in which the planet semi-major axis is larger than its parent star semi-major axis (ap/as > 1); green dots indicate realizations in which the planet semi-major axis is smaller than its parent star semi-major axis (ap/as < 1); red contours indicate predictions of the analytic model (equations 2). In the bottom panels: the color map indicates the inclination of the planet orbit with respect to the star orbit. 5 is a schematic representation of this result. The same trend is still present (but much less evident) in runs of set B (Figure 4 , right-hand panel).
We find that the planet may undergo a close encounter with the star during its orbit around the SMBH. This occurs because the planet remains on a orbit similar to that of its parent star, so that it may encounter again the star after one synodic period. However, since the difference between the orbital periods of the star and the planet is negligible, the synodic period is 5000 yr. On this timescale, perturbations from nearby stars might become non-negligible before the planet undergo the encounter with its parent star. Figure 6 shows the fraction of captured and ejected planets versus the initial semi-major axis of planet orbits for all S-stars realizations. As expected, the fraction of unbound planets increases with the initial semi-major axis. 57% of the planets in our simulations gets captured by the SMBH. In total 0.18% of the planets get ejected from the system. The fraction of ejected planets decreases for larger initial semi-major axis. This is expected: the larger the semi-major axis, the smaller the binding energy of the planet-star system that can be released as recoil velocity during the encounter with the SMBH. Figure 7 shows the trajectory of a planet around S19 star, in the rotating reference frame that corotates with the star. The star orbit lies in the x-y plane, and the negative x-axis is always directed towards the SMBH. The planet orbit has an initial radius of 10 AU and it is inclined by 20
Planets in S-stars cluster
• with respect to the star orbit. The planet orbit becomes immediately eccentric (e 0.8) due to the strong tidal forces and gets an inclination by 45
• and a semi-major axis of 8 AU. The orbit remains stable around the star for several periods, until the planet is kicked into a looser orbit with i 100 • , a 20 AU and e 0.3. After 260 yr, the planet escapes along the negative x-axis and gets captured by the SMBH.
The morphology of planet orbits varies greatly from simulation to simulation. Flips of planet orbit may occur, with the planet spending time on several temporarilystable orbits around the star before escaping. In Section 4.2 we compare the orbital parameters of the captured planets with the ones of the G1 and G2 cloud.
DISCUSSION
Orbital properties of unbound planets
As shown in Figure 3 , planets remain on orbits similar to those of their parent star after being captured by the SMBH. This implies that the velocity kick induced by the SMBH is at least one order of magnitude less than the star orbital velocity. Furthermore, there is a gap in the distribution of the semi-major axes of captured planets in the prograde case. Figure 4 (showing the semi-axis ratio a p /a s versus the orbital phase of the planet) suggests that planets escaping from L1 (inner Lagrangian point) end on tighter orbits, while planets escaping from L2 (outer Lagrangian point) end on looser orbits.
Based on these considerations, we can estimate the change in specific angular momentum and energy of the fraction of planets ejected from the system. Planets whose initial semi-major axis is larger than the Jacobi radius of the star at the initial conditions are not included in this Figure. planet in the framework of the restricted three-body problem. We develop a simple analytic model based on three assumptions: (i) the planet becomes unbound during the star pericenter passage, (ii) the planet escapes the Hill sphere of the star from either the outer or the inner Lagrangian point, (iii) the planet velocity with respect to the rotating frame of reference at the moment of escape equals its orbital velocity v p . With these assumptions we can compute the difference of the specific energy and angular momentum between the planet and the star orbit, ∆E and ∆L, respectively:
where G is the gravitational constant, M SMBH is the SMBH mass, p is the pericenter distance of the star orbit, r J is the Jacobi radius at pericenter (equation 1), v s is the star velocity at pericenter, and v p is the orbital velocity of the planet. The sign of r J and v p is positive if the planet escapes from the inner Lagrangian point, negative if the planet escapes from the outer Lagrangian point, and v p changes sign for retrograde orbits. Figure 8 shows the variation of energy (∆E) and angular momentum (∆L) predicted from the analytic model compared to the simulations. In the case of prograde orbits (left-hand panel, set A), the simple analytic model reproduces very well the bimodal energy distribution. The analytic model overestimates ∆E with decreasing pericenter distance, because the planet may escape before reaching the pericenter, if the pericenter is very small. In contrast, the analytic model does not match the variation of energy and angular momentum in the simulations with retrograde orbits (right-hand panel of Figure 8, set B) .
Inserting the values drawn from the initial conditions of our simulations into equation 1 and 2 we can evaluate the parameters of the planet new orbit around the SMBH. In Figure 3 we plot the predicted a p /a s and e p /e s along with the results of the simulations.
The predicted semi-major axis distribution matches the simulations in the case of prograde orbits (set A, Figure 3 , left-hand panel), reproducing the gap in the semi-major axis distribution.
However, the analytic model also predicts a bimodality in the eccentricity distribution, which is not present in the simulations. In particular, the analytic model predicts that tighter orbits have mostly lower eccentricity and looser orbits have mostly higher eccentricity, while in the simulations we find mixed outcomes. This happens because the planet can escape before the star reaches its pericenter, thus invalidating assumption (i) of the analytic model. Moreover, 85% of the unbound planets begin the simulation outside 0.5r J so that they may become immediately unbound and consequently violate all the assumptions of the analytic model.
The analytic model fails to predict the distribution of both semi-major axis and eccentricity in the case of retrograde orbits (set B, Figure 3 , right-hand panel). This occurs because the escape mechanism for retrograde orbits is different from that of prograde orbits. Just a minor fraction of retrograde planets escape from one of the Lagrangian points (e.g. Figure 4 ). Moreover, planets in retrograde orbits can survive several star pericenter passages before being kicked into an unstable orbit, and the planet escape may occur anywhere along the star orbit (see Figure 2 , right-hand panel).
Our results are consistent with the findings of Suetsugu et al. (2013), who studied the orbital properties of temporary captured planetesimals by a planet in circular heliocentric orbit. Suetsugu et al. (2013) highlight that captures of planetesimals into prograde orbits about the planet (i.e., through L1 or L2 Lagrangian points) take place for a certain range of semi-major axes, leading to a gap in semi-major axis distribution, whereas captures into retrograde orbits do not produce a significant gap. Figure 9 shows the probability density map of finding an unbound planet in the semi-major axis -eccentricity plane for the CW disk simulations. No planet can match the orbits of the G1 or G2 cloud. In particular, none of the simulated planets can achieve a highly eccentric orbit. In fact, the closest pericenter passage of an unbound planet in our simulations is 1750 AU, a factor of ∼ 9 larger than the pericenter passage of the G1 cloud.
Comparison with G2 and G1 cloud orbits
Since unbound planets remain on orbits similar to those of their parent star, we expect that they will experience scattering with the stars in the CW disk. Angular momentum diffusion and scattering in the CW disk may bring low-mass objects on nearly radial orbits (MurrayClay & Loeb 2012) . N-body simulations that include the entire CW disk are required to study this effect and will be presented in a forthcoming study (Trani et al., in preparation) . Figure 10 is the same as Figure 9 but for captured planets in the S-stars simulations. Most planets escaped from the S-stars are on highly eccentric orbits and are compatible with the G1 and G2 cloud. In particular, we find that captured planets have a probability of 2% and 70% to have semi-major axis and eccentricity within 1σ of the observations for G2 and G1.
We also study the inclination of the orbits of captured planets. Figure 11 shows the probability density map of finding an unbound planet in the pericenter distanceinclination plane for the S-star simulations. Since captured planets retain approximately the same inclination as their parent star, each blob corresponds to one or more S-stars. None of the simulated planets has exactly the same inclination as G2 and G1 orbits. Although planets escaped from S29 lie very close to the position of G2 in the p − i plane, further analysis reveals that longitude of the ascending node Ω mismatches by ∼ 75
• ; therefore the orbit of G2 and the one of the planets escaped from S29 do not lie on the same plane.However, the orbital properties of several S-stars are still unconstrained (Gillessen et al. 2009 ). Many S-stars fainter than m H > 19 are not even detected. Identifying more S-stars and deriving their orbital properties (especially their inclinations) will give important clues on our scenario. Moreover, explaining G1 and G2 with this scenario requires that planets can exist around S-stars. One of the most popular scenarios to explain the formation of the S-stars, the so-called binary breakup scenario (Perets et al. 2009 ) predicts that the S-stars were captured by the SMBH via the Hills mechanism, during encounters with binary stars. A proto-planetary disk might be disrupted during the binary encounter with the SMBH. Alternatively, the planet might have been formed around the S-star before it was captured by the SMBH. Ginsburg et al. (2012) showed that some planets will likely remain bound to their star during a three-body encounter, if their semi-major axis is a i p 0.5 AU, since planets with a i p 0.5 AU will be more likely ejected from the system. However, the closest the planet to the S-star, the more difficult is for the SMBH to capture it. All these issues deserve further study.
Finally, we note that our simulations were done for a star-planet system, but our results can be generalized also to a star-star system. In other words, a low-mass star initially bound to an S-star might have been captured by the SMBH into a new orbit, matching the eccentricity and semi-major axis of G1 and G2.
CONCLUSIONS
We investigated the dynamics of planets orbiting the young stars in the inner edge of the CW disk and in the Sstar cluster by means of regularized N-body simulations. We simulated 4 × 10 4 hierarchical systems consisting of the SMBH, a star and its planet lying in the CW disk.
We also ran 2 × 10 4 N-body realizations of the 27 innermost S-stars, assigning a planet to each S-star.
The planet may escape its parent star and be tidally captured by the SMBH, depending on the properties of the orbit of the star and the planet. Planets on retrograde (prograde) orbits are captured if their orbit lies outside r J (0.5r J ), where r J is the Jacobi radius.
We study the orbital properties of starless planets around the SMBH and find that planets remain on orbits similar to the ones of their parent star. In particular, we find that in 95% of the runs the semi-major axis and eccentricity of the planet orbit differ less than 6% and 13% from those of the parent star, respectively.
In case of prograde coplanar orbits, the semi-major axis of starless planets can be approximately predicted using a simple analytic model. We show that the escape mechanism of the planet from the Hill sphere of the parent star determines the semi-major axis of the planet: if the planet escapes from the inner Lagrangian point (i.e. the one located towards the SMBH) it will end on a tighter orbit; in contrast, if the planet escapes from the outer Lagrange point it will end on a looser orbit. Furthermore, we find that looser orbits tend to have higher eccentricity with respect to the parent star orbit, while tighter orbits tend to have lower eccentricity.
In the case of planets in the CW disk, we find that the closest passage near the SMBH achieved by a starless planet is at 1750 AU, a factor ∼ 9 larger than the pericenter distance of the G2 cloud orbit. We speculate that perturbations from other stars in the CW disk may bring planets into nearly radial orbits. In forthcoming studies we will investigate the effect of angular momentum transport and scatterings on the dynamics of planets in the CW disk.
In contrast, the semi-major axis and eccentricity of planets escaping from the S-stars can match those of G1 and G2. The main issue is that the orbital planes of known S-stars do not match those of G1 and G2. Therefore, future detection of S-stars with approximately the same orbital plane as G1 and G2 are essential to support this scenario. We note that our simulations were run for star-planet systems, but our predictions apply to any low-mass companions of the CW disk stars and of the S-stars. Thus, our scenario also predicts that G1 and G2 might be low-mass stars that were previously bound to S-stars.
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APPENDIX
CLASSIFICATION OF PLANET ORBITS
Temporary planet orbits around the star (before tidal capture by the SMBH) can be classified according to Suetsugu et al. (2011) , who studied the orbital properties of temporary captured planetesimals by a planet in circular heliocentric orbit. They distinguish four types of orbits, three for retrograde orbits and one for prograde orbits, and find that the orbit type depends on the eccentricity and energy of the planetesimal initial orbit around the Sun.
We find that most prograde orbits of set A are of type H (Hill sphere-shaped, left panel of Figure 12 ), which is typical of low-energy orbits that remain confined inside the Hill sphere, with escapes mainly occurring through the Lagrangian points. On the other hand, most retrograde orbits of set B are of type A (apple-shaped, right panel of Figure 12 ). Planets on type A orbits can orbit past the Hill sphere of the star without escaping. Escapes occur mainly in the SMBH-star direction but not strictly through the Lagrangian points.
We do not find any evidence of type R and E orbits in our simulations. These orbit types were found by Suetsugu et al. (2011) in the case of high velocity-dispersion between the planet and the planetesimal. The dispersion-dominated velocity regime is excluded by construction in our case, since the planet is initially bound to the star.
We note that many orbits we examined are irregular and do not resemble any of aforementioned orbit types. This is due to the eccentricity of the star orbit that makes the tidal field experienced by the planet not stationary, unlike in the zero-eccentricity study of Suetsugu et al. (2011) . This leads to an additional perturbation that can modify the shape of the planet orbit, and may cause earlier escape than in the zero-eccentricity case. (Suetsugu et al. 2011) . Right-hand panel: simulation from set B (coplanar retrograde) that we classify as Type A (Suetsugu et al. 2011) .
